Abstract-An analysis of AM/PM nonlinear distortion in advanced SiGe HBTs is presented. The results show that an optimum bias point exists in the high-injection collector current density regime as the device nears BV CEO . At this point, the phase deviation remains close to zero, even as the transistor gain goes into compression. This effect can be further optimized by matching the output of the device to its optimum OIP 3 impedance. These results should prove useful for power amplifier design for high data rate electronic systems, which typically require high peak-to-average power ratios.
I. INTRODUCTION
Linearity often plays a limiting role in high dynamic range RF circuits using silicon-based semiconductor devices. Research efforts to improve linearity in Silicon Germanium (SiGe) devices and circuits have typically focused on gain compression or intermodulation distortion; metrics that use a change in input amplitude to reveal changes in the output amplitude characteristics, or AM/AM nonlinearities [1] . An important parameter often overlooked in many applications is the phase deviation at large signal, so-called AM/PM nonlinearities. The concept of AM/PM distortion is not new, and first appeared in the development of communication systems theory [2] , [3] . Recently, AM/PM nonlinearities have been analyzed in integrated varactor diodes used in resonant tanks to determine its effect on phase noise in oscillators [4] . A model to predict AM/PM distortion in HBTs using Volterra series was also recently presented [5] , although to our knowledge no measured data was ever given to support their theory.
AM/PM distortion manifests itself as a change in phase with respect to the input power applied to the device. In an ideal linear system, the frequency domain phase response would remain constant across input power. A nonlinear signal, however, will introduce phase changes in the fundamental frequency similar to the spurious harmonics also generated. This is often overlooked because it is a critical concern only in certain types of electronic systems. The phase changes introduced as the device compresses are typically on the order of a few degrees, but even this small shift can have a significant impact on the operation of high data rate systems such as wireless LAN (WLAN). In the case of WLAN, the binary decision boundaries to interpret the 64 QAM constellation require very accurate amplitude and phase information be preserved in order to avoid bit error rate degradation. A phase error introduced by AM/PM distortion can lead to a significant increase in error vector magnitude (EVM), and in turn, bit error rate, degrading overall system performance. A similar situation exists for large phased arrays that use attenuation for sidelobe shaping. The elements operating at full power are potentially in greater compression than their attenuated counterparts and if so will exhibit a different phase shift relative to them. This undesired deviation leads to errors in the array's radiation pattern. To the best of our knowledge, no measurement data exists on the AM/PM characteristics of an advanced SiGe technology, often employed in wireless applications where such issues could potentially arise, and is presented here for the first time.
II. MEASUREMENT SETUP
In order to observe the nonlinear phase deviation across all of the desired parameters, an integrated load-pull setup was used, which allowed for consistent calibrated measurements across various conditions. Shown in Figure 1 , this Focus Microwaves system uses custom-built high-impedance probe tuners to tune the load to gammas of up to 0.88. Once calibrated, a suite of measurements, including S-parameters, output power, gain compression, and third-order intercept point can be taken without ever lifting the microwave probes.
A static measurement was used to characterize the AM/PM conversion, as outlined in [6] . This technique uses a network analyzer configured for gain compression measurements. Since AM/PM conversion is a phenomena that appears in the device during weakly nonlinear operation, it must be in compression to observe the effect. By measuring the change in phase of the calibrated insertion loss measurement as the device is driven into compression, the nonlinear phase deviation can be observed. An ideal device with no AM/PM conversion would show a flat phase response across input powers.
The test was conducted on a commercial 130 nm SiGe BiCMOS technology platform. This is IBM's third-generation, high-performance production technology featuring an f T of 200 GHz and f MAX of 285 GHz as seen in Figure 2 . A 0.12x18 μm SiGe HBT was measured, because it is the largest emitter size supported by the design kit and is a good representation of a geometry that could be found in a typical power amplifier design. A measurement frequency of 10 GHz was chosen because of load tuner limitations, but this approach can be easily extended into WLAN bands, as needed.
III. AM/PM ACROSS BIAS

A. Bias Mode
An initial test was run to get a feel for the overall nonlinear phase performance of the SiGe HBT. Using the measurement setup described, the device was biased using both a voltage source and a current source on the base-emitter junction. An equivalent simulation was run using GoldenGate, with the design kit provided VBIC SiGe HBT model. The results are shown in Figure 3 as phase deviation across gain compression.
Recall that an ideal response should give zero phase deviation for any power level. Plotting this phase deviation over gain compression rather than the absolute power level is intended to give insight into phase distortion with respect to more familiar amplitude distortion metrics. In the current driven case in Figure 3 , this implies that at a gain compression of 1 dB, when the input power is set to the P 1dB point, the phase will shift by slightly more than two degrees. Figure 3 indicates that the VBIC model is reasonably accurate at predicting the phase deviation when the transistor is current biased, but not so accurate when a voltage bias is applied. We hypothesize that although the SiGe HBT is modeled as a transconductance device for AC signals, where small variations on the input voltage correlate with a change in the output current; DC bias is defined by the fixed parameter current gain, β. Thus, when a current is used to bias the base, the DC bias point is well-defined, since there is a fixed reference for β. This situation is similar to the common current mirror configuration used to bias many integrated circuits. On the other hand, when a voltage bias is instead applied to both the base-emitter junction and the collector-emitter junction, there is no fixed reference for β, and the DC bias point tends to float slightly. While this is still a valid mode of operation, the large-signal S-parameter simulation uses a fixed DC bias point across the entire power sweep, leading to the discrepancy shown in Figure 3 . Note that a current bias cannot be used on the output terminal for a simple common-emitter test structure because that would leave V CE floating, and changes on the input voltage would lead to output voltage changes that would cause the transistor to go constantly in and out of saturation. In fact, using an active voltage bias may potentially represent a way to mitigate AM/PM distortion, as the measured data shows almost no phase deviation, well into gain compression. However, this would require knowledge of how to best capture a floating bias point in an RF simulation, and is presently still being researched. The remainder of the data presented here uses current bias conditions.
B. Bias Point
AM/PM conversion was examined for several bias points across the forward active region of the device. Three different current bias states were tested with V CE set to 1.0 V, about mid-range between saturation and the BV CEO of the HBT. Shown in Figure 4 , the low-injection condition corresponds to a collector current density of about 1.0 mA/μm 2 , while the mid-range and high-injection conditions correspond to 3.2 mA/μm 2 and 10.0 mA/μm 2 , respectively. The results demonstrate that as the device moves toward peak-f T bias, not only does the gain compression decrease, as is evident by the shorter range on the x-axis, but the phase deviation actually flattens as the device goes into the early stages of compression. This 0-2 dB gain compression region is important because beyond that, traditional AM/AM nonlinearities such as thirdorder intercept and gain compression itself will begin to dominate the bit error rate. Using the information provided by Figure 4 , we next biased the device at the high-injection current density state and swept V CE across three different voltages. This time 0.5 V, 1.0 V, and 1.5 V were used to bias the device near saturation, midrange, and near breakdown, respectively, as shown in Figure 5 . The measured results indicate that although the phase deviation rises sharply after 2 dB of gain compression, biasing the device near breakdown effectively mitigates AM/PM distortion below that compression, which can be a very useful buffer zone to take advantage of in circuit design.
Using our optimal bias point of high-injection at near avalanche breakdown (BV CEO ), we then turned to simulations to observe how well the SiGe HBT VBIC model captures AM/PM distortion under this condition. The results in Figure  6 show that for the region of primary interest, from 0-2 dB gain compression, the simulation accurately models the data. This is good news for power amplifier design, since biasing in this region will give the largest output power. One cannot, however, overlook the implications for the rest of the transceiver chain due to AM/PM distortion. Low noise amplifiers, buffers, and other devices that are typically biased at lower injection regions will also be susceptible to AM/PM distortion if driven toward compression. Receive chain low Fig. 7 . AM/PM conversion for various load impedances. Matching to the peak output power load degrades AM/PM distortion relative to the 50Ω case, while matching to the maximum OIP 3 load seems to give the best response.
noise amplifiers, in particular, are often biased at low injection and can easily have a strong input signal send them into compression, thereby accentuating AM/PM distortion.
IV. AM/PM ACROSS LOAD
Since measurements across bias indicate that AM/PM conversion will have the least affect on devices biased for high output power, a logical follow-up question is whether a power match will enhance or degrade this effect. To test this, a loadpull measurement was run across various linearity parameters. The tuners were then set to these values, the switches were toggled to the network analyzer, and static phase deviation measurements across input power were taken, similar to the previous procedure. The results in Figure 7 show that a match to maximum output power similar to the procedure used to design power amplifiers in fact degrades the nonlinear phase deviation with respect to the 50Ω measurement.
Since matching to the maximum output power impedance degrades the AM/PM response, the next step is to determine what impedance provides the optimal match to minimize AM/PM conversion. We know that the effect derives from the nonlinear response of the device as the input power moves from small-signal to large-signal. Therefore, since we have no way of directly measuring the phase during the loadpull measurement, it makes sense to associate low AM/PM conversion with a corresponding AM/AM measurement. In this case, we chose to maximize the third order intercept point (IP 3 ). As seen in Figure 7 , a match to this impedance does in fact improve the AM/PM distortion by further flattening the distortion response to nearly zero degrees well into gain compression. The OIP 3 contours from the load pull measurement can be observed in Figure 8 . The optimal match, which gives an OIP 3 of 16.9 dBm, is very close to 50 Ω. As a reference, the impedance for the maximum output power is also plotted in Figure 8 .
Based on devices measured from several different wafer lots, we theorize that the flattening effect initially observed at 50Ω is merely a byproduct of its proximity to the optimum linearity load point. Over a sample size of two transistors across three different wafer lots, devices whose maximum OIP 3 load point was closer to 50Ω generally showed improved phase flatness at 50Ω. AM/PM distortion at the optimum OIP 3 load deviated less than 1 degree from small signal at gain compressions of less than 2 dB for all samples. These observations seem to indicate that an optimum matching condition exists for AM/PM distortion that is closely tied to maximizing OIP 3 . Since this load impedance differs from the maximum output power impedance typically used to design power amplifiers, a trade-off between linearity and output power seems applicable similar to the noise figure and gain trade-offs made in low noise amplifier design.
It is interesting to note that the optimum OIP 3 load point does not necessarily correspond to the maximum P 1dB load point. Measurements using this metric show the same trends as the maximum output power curves presented in Figure 7 .
V. SUMMARY
Although it is an often overlooked linearity parameter, AM/PM distortion can play a limiting role in many high data rate systems, particularly those that require high peak-toaverage power ratios. To the best of our knowledge, no data has ever been presented on the AM/PM conversion trends of an individual transistor, which could be a useful tool when attempting to mitigate such effects in a circuit design. The results show that the onset of AM/PM conversion can be pushed-out beyond the compression points of normal operation when biased at high-injection collector current densities. If AM/PM distortion is determined to be a limiting factor in a system of interest, these results suggest the following remedial procedures for integrated amplifier design:
• Ensure that each device in the critical path is biased in the high injection collector current density region. Moving the collector-base bias voltage close to breakdown will improve the results, while a move toward saturation will degrade them. Keep in mind that this would apply to any circuit operating in the weakly nonlinear large signal regime, not just the power amplifier.
• Since AM/PM distortion seems to correlate well with intermodulation distortion, tune the output load to the point that achieves the best OIP 3 . If this load does not give sufficient output power, a trade-off between output power contours and OIP 3 contours can be made, using the collector-base bias voltage as a course tuning knob for the AM/PM suppression effect.
• If all else fails, changing the bias circuitry to use a weakly defined DC current by using only V BE and V CE also seems to provide some immunity to AM/PM distortion. Future work on this topic would involve constructing a mathematical model to explain the behavior seen in this experiment, analyzing the differences between common emitter, collector, and base configurations, as well as devising a means to measure AM/PM conversion during load-pull rather than trying to infer performance from related AM/AM metrics.
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